Arthroscopic shoulder surgery is commonly performed in the sitting or 'beach-chair' position. Advantages of this position, compared to the lateral decubitus position, include anatomical positioning, reduced use of arm traction and decreased risk of brachial plexus injury 1,2 . However, one disadvantage of the sitting position is that blood pressure control can be problematic. Surgeons frequently request relative hypotension to help optimise the arthroscopic view by minimising bleeding into the joint 3 . It is common practice to aim for a systolic arterial pressure of 90 mmHg 4,5 , with pressure usually measured non-invasively via a cuff around the upper arm.
SUMMARy When anaesthetising patients for arthroscopic shoulder surgery, it is common practice to sit the patient in the beachchair position and to optimise arthroscopy by allowing relative hypotension. There is little published information regarding the cerebral haemodynamic effects of hypotension in the sitting position during general anaesthesia.
In this study, 19 patients scheduled for shoulder surgery were anaesthetised with desflurane. Phenylephrine and/or remifentanil were used to control blood pressure. Cerebral haemodynamics were assessed by monitoring middle cerebral artery blood velocity with transcranial Doppler, and by invasive arterial pressure monitoring with the transducer kept level with the external auditory meatus. Pressure and velocity waveforms were analysed to calculate apparent zero flow pressure and resistance area product. Cerebral haemodynamics in patients anaesthetised supine at the pre-induction blood pressure were compared with haemodynamics while seated at 45 degrees with hypotension. According to our routine practice, blood pressure management was guided by non-invasive measurement of systolic pressure using an arm cuff.
Changing from supine/normotensive to sitting/hypotensive caused mean arterial pressure at the auditory meatus to decrease 47±7% and middle cerebral artery blood velocity to decrease 22±7%. In the beach-chair position, systolic pressure was 96±10 mmHg in the arm and 76±10 mmHg at the auditory meatus (P <0.0001). Both resistance area product and apparent zero flow pressure decreased, suggesting decreases in cerebrovascular resistance and critical closing pressure.
Although there was some evidence of an autoregulatory response, middle cerebral artery blood velocity decreased when relative hypotension was induced in patients anaesthetised with desflurane in the beach-chair position. 
MATERIALS AND METHODS
Twenty-two patients having elective arthroscopic shoulder surgery in the sitting position were enrolled in this study. The study was completed in 19 patients: three patients could not be included due to either difficulty obtaining transcranial Doppler (TCD) signals (two patients) or difficulty with arterial catheterisation (one patient). Older patients (aged over 55 years) and patients with known cardiovascular or cerebrovascular disease were selected. This research was approved by the Human Ethics Review Committee of the Sydney South West Area Health Service and all patients gave written informed consent.
The study was conducted after induction of anaesthesia and before commencement of surgery. The anaesthetic technique was similar to the technique used routinely for arthroscopic shoulder surgery in our institution: after premedication with midazolam 1 to 2 mg, general anaesthesia was induced with propofol and maintained with desflurane in oxygen and air (FiO 2 40 to 50%). Patients were paralysed with rocuronium, the trachea was intubated and the lungs were ventilated at 10 breaths per minute with tidal volume adjusted aiming for an end-tidal CO 2 of 30 to 35 mmHg. Ventilation was then kept constant throughout the study. Desflurane concentration was adjusted to achieve an approximately constant bispectral index (version 3.31, Aspect Medical Systems) between 35 and 45 throughout the study. Blood pressure was controlled by infusions of phenylephrine and/or remifentanil.
Monitoring
Monitoring included pulse oximetry, electrocardiography, non-invasive blood pressure (NIBP), capnography, end-tidal anaesthetic agent concentration and bispectral index. The radial artery was catheterised on the non-operative side for invasive monitoring of arterial blood pressure. The arterial pressure transducer was kept level with the external auditory meatus throughout the study. During the study, the NIBP cuff was placed around the upper arm on the operative side to avoid interference with the invasive blood pressure recording. TCD 2 MHz probes were placed over the temporal windows, signals from the middle cerebral arteries were identified and the probes were held in constant position by a head frame (DiaMon ® , DWL Sipplingen, germany). Analogue output signals from the anaesthetic monitor and the TCD monitor (Multidop-T, DWL Sipplingen, germany) were stored on a personal computer via an analogue-digital converter. Parameters recorded included the spectral outline of the middle cerebral artery blood velocity (Vmca) signal, arterial pressure waveform, airway concentrations of CO 2 and desflurane, and the electrocardiograph.
Study protocol
Cerebral haemodynamics were compared under two conditions: positioned supine with normotension and positioned sitting with blood pressure reduced to our usual target for arthroscopic shoulder surgery. After induction of general anaesthesia, the supine position was maintained and phenylephrine was infused as required to achieve a blood pressure within ±10% of the pre-induction blood pressure. At least 20 minutes elapsed from induction of anaesthesia to the first period of data recording, during which time TCD monitoring was established and end-tidal desflurane, end-tidal CO 2 and blood pressure stabilised. After several minutes of data recording in the supine position, the patient was moved to the beach-chair position, the torso positioned at 45 degrees with the head and neck maintained in the neutral position relative to the torso. According to our routine practice, we used NIBP measurements to guide blood pressure management in the sitting position and the target systolic blood pressure was 90 mmHg for the majority of patients. Six patients were considered to be at particular risk of perioperative cardiovascular complications due to a history of ischaemic heart disease and, according to our routine clinical practice, the target systolic pressure in those patients was 80% of the preoperative systolic pressure (100 to 120 mmHg). The target pressure in the beachchair position was achieved by reducing or stopping the phenylephrine and commencing infusion of remifentanil if required.
Data analysis
To account for the variability of cardiovascular parameters associated with ventilation, all cerebrovascular data were derived from an integral number of cardiac cycles averaged over approximately two complete respiratory cycles. In 12 patients, Vmca data was recorded bilaterally and in those cases results from both sides were averaged.
We further analysed the cerebrovascular responses by calculating the apparent zero flow pressure (aZFP). Calculating aZFP involves extrapolating from the relationship between blood pressure and Vmca waveforms within individual cardiac cycles to determine the pressure at which it appears flow would stop. Changes in aZFP have been taken to indicate changes in the effective downstream pressure of the cerebral circulation 8 . We also calculated the inverse of the slope of the pressurevelocity relationship, known as the resistance area product (RAP), which has been taken to be an index of cerebrovascular resistance 8, 9 . In each condition, aZFP and RAP results from individual cardiac cycles were averaged over two respiratory cycles.
Several techniques for determining aZFP and RAP have been described including using linear regression and using the amplitude of the first harmonic of the Vmca and pressure waveforms 10 . We have found these two techniques to be virtually interchangeable 11 . In this study, the amplitude of the first harmonic of the Vmca waveform (Vmca 1 ) and the amplitude of the first harmonic of the arterial pressure waveform (AP 1 ) were calculated and RAP was defined by the equation RAP=AP 1 / Vmca 1 . Mean arterial pressure (MAP) and mean Vmca ( ) were also calculated for each cardiac cycle and aZFP was calculated according to the equation . The apparent cerebral perfusion pressure (aCPP) was then calculated as aCPP=MAP-aZFP. The apparent effects of changes in RAP and aZFP on Vmca were calculated according to our recently described method 11 . This method involves comparing the observed Vmca after the change in conditions (in this study, the change in blood pressure and posture) to the Vmca that would have been expected if RAP and aZFP had remained unchanged (Figure 1) . The percentage effect on Vmca of a change in RAP is calculated by the formula: and the percentage effect of a change in aZFP is calculated by the formula: Subscripts 1 and 2 refer to values before and after the change in conditions. End-tidal desflurane was converted to an age-adjusted minimum alveolar concentration (MAC) according to Mapleson's formula 12 .
Statistical analysis
Data are expressed as mean ± standard deviation unless otherwise stated. The Wilcoxon signed rank test was used to compare paired data before and after the change in conditions. Statistical analysis was performed with aid of graphPad Prism (graphPad Software, San Diego, California, USA).
RESULTS
Patients were aged 68±7 years (11 males, eight females). Comorbidities included hypertension (12 patients), known ischaemic heart disease (six patients), diabetes mellitus (four patients), history of stroke (one patient) and history of possible transient ischaemic attack (two patients). There were no perioperative medical complications and no neurological morbidity was detected. Data comparing NIBP and invasive measurements are based on 18 patients because NIBP measurement could not be obtained in one patient owing to obesity. The dose of remifentanil used to achieve relative hypotension ranged from zero to 0.3 µg/kg/min. Table 1 presents the basic physiologic observations. Changing to the sitting position and reducing blood pressure was associated with a small but statistically significant reduction in end-tidal CO 2 and a statistically significant increase in end-tidal desflurane concentration. Bispectral index was unchanged. In the sitting position, we reduced systolic blood pressure, as measured by NIBP, to 96±10 mmHg. The corresponding systolic blood pressure measured invasively with the transducer level with the external auditory meatus was 78±11 mmHg (P <0.001).
Cerebral haemodynamic data are presented in Table 2 and Figure 1 . Compared to the 47±7% decrease in MAP, Vmca decreased 22±7% (range 6 to 33%). After changing to the sitting position and reducing arterial pressure, the average Vmca was 210% of the value that would have been expected had RAP and aZFP remained unchanged (Figure 1) . The contributions of changes in RAP and aZFP to the 210% difference between observed and 'expected' Vmca were 46% and 44% respectively (1.46×1.44≈2.10).
DISCUSSION
Our main finding is that, in anaesthetised patients sitting at 45 degrees, measuring blood pressure with a cuff around the arm and decreasing systolic pressure to 96±10 mmHg resulted in a 22±7% reduction in Vmca compared to measurements taken supine at the patients' normal blood pressure. In each of our patients, sitting with relative hypotension led to some reduction in Vmca and the maximum reduction was 33%.
The observed ≤33% reduction in Vmca would not be expected to indicate ischaemia and, clinically, our patients appeared to tolerate the reduction in cerebral blood flow (CBF). Cerebral ischaemia occurs if CBF is reduced by more than 60% and there is evidence that a 60% reduction in Vmca is an appropriate threshold for intervention in the setting of carotid endarterectomy 13 . In a series of awake patients having carotid surgery under local anaesthesia, a 50% reduction in Vmca yielded 100% sensitivity in detecting ischaemic symptoms 14 . We had planned to abandon the study (and immediately increase blood pressure) in any patient in whom TCD monitoring indicated a 50% or more reduction in CBF.
Although there was no evidence of cerebral ischaemia in our patients, the reduced Vmca presumably indicates a reduced CBF reserve which could put patients at risk of ischaemia if, for example, there is undiagnosed cerebrovascular disease or if there is an unintended further reduction in intraoperative blood pressure. On the other hand, because desflurane causes direct cerebral vasodilatation 15 , the reduction we observed in Vmca may simply represent a loss of the luxury perfusion that usually accompanies desflurane anaesthesia.
Other configurations of patient position and NIBP cuff placement could cause an even greater difference between NIBP measurements and cerebral arterial pressure. Rather than positioning patients at 45 degrees, some reports mention sitting patients further upright, with the torso nearly vertical, described as the 'barbershop' position 6, 16 . Simple trigonometry would predict that if our patients had been raised from 45 degrees to fully upright, the pressure difference between the arm and the brain would have increased by around 40%. Furthermore, it has been reported that the NIBP cuff is sometimes placed around the leg during shoulder surgery 16 , which would further exaggerate the difference between NIBP measurements and cerebral arterial pressure.
Two mechanisms could explain the decreased Vmca that accompanied sitting/hypotension in our patients: 1) cerebral autoregulation may have been impaired and 2) cerebral arterial pressure may have been below the lower limit of autoregulation. There must have been some autoregulatory response in our patients because the percentage decrease in Vmca was less than half the percentage decrease in MAP. With desflurane, cerebral autoregulation is impaired at 1 MAC, abolished at 1.5 MAC and there is some impairment even at 0.5 MAC 17, 18 . Sensitivity of cerebral autoregulation to volatile agents is not uniform between individuals, however it is likely that autoregulation was at least somewhat impaired in most of our patients. The lower limit of cerebral autoregulation is often quoted as a cerebral perfusion pressure of 50 mmHg, but individuals vary markedly and the lower limit is frequently significantly greater than 50 mmHg 19 . It is likely the lower limit of autoregulation was transgressed in the majority of our patients (the MAP at the level of the auditory meatus was ≤50 mmHg in 11 of the 19 patients). Arteriolar critical closing pressure may constitute the effective downstream pressure in the cerebral circulation and, if this is the case, cerebral perfusion pressure is determined by the difference between MAP and arteriolar critical closing pressure 8 . The critical closing pressure of arterioles is thought to be determined by two factors: extramural pressure (intracranial pressure in the case of the brain) and arteriolar wall tension 20 . We found that mean aZFP (a putative index of critical closing pressure) decreased significantly with sitting/hypotension; this decrease suggests there was an autoregulatory response leading to reduced arteriolar smooth muscle tone. In addition, intracranial pressure may have fallen with the change in posture, thereby reducing the forces tending to close arterioles and tending to reduce aZFP, independently of any change in smooth muscle tone. Cerebrovascular resistance also appeared to decrease with sitting/ hypotension, as indicated by the decreased RAP. Mathematically, the decreases in RAP and aZFP contributed approximately equally to the partial preservation of Vmca, implying that the autoregulatory response acted by decreasing both cerebrovascular resistance and effective downstream pressure.
It is possible that factors other than posture and blood pressure influenced Vmca in our patients. We did not measure arterial partial pressure of CO 2 . It is reassuring that ventilation was kept constant throughout the study and end-tidal CO 2 only changed minimally. Nonetheless, changes in posture and haemodynamics could have altered the gradient between arterial and end-tidal CO 2 , possibly disguising a significant change in arterial CO 2 . Another potent influence on CBF is cerebral metabolic rate. We used bispectral index monitoring in an attempt to maintain a constant anaesthetic effect, hopefully minimising any change in cerebral metabolism during the study. Another potential weakness of this study is the use of Vmca as an indicator of changes in CBF. Assuming middle cerebral artery diameter remains unchanged, and providing the position of the ultrasound probe remains constant with respect to the blood vessel, changes in Vmca are a valid indicator of changes in CBF. It has previously been shown that Vmca accurately reflects changes in CBF induced by transient hypotension 21 .
In conclusion, we documented cerebral haemodynamics in a small number of patients anaesthetised with desflurane in the beach-chair position. As expected, measuring blood pressure via an arm cuff while aiming for a systolic arterial pressure between 90 and 120 mmHg resulted in significantly lower blood pressure at the level of the brain. This was associated with a reduction in Vmca, indicating that cerebral arterial pressure was frequently below the lower limit of autoregulation in this group of patients. However, the observed Vmca changes were not so great as to indicate cerebral ischaemia.
